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Introduction 

The Powder River Coal is classified as sub-bituminous ranked coal. 
Coal rank is an indication of how much transformation the original 
plant material has under gone. The American Society for Testing and 
Materials (ASTM) defines coal rank for lignite and PRB type coals 
using the heating or Btu value expressed in a moisture, ash free 
(maf) basis. This basis eliminates the impacts of ash and moisture 
levels on the heating value. The heating value is used for lower 
ranked coals, the maf volatile is used to classify higher ranked 
bituminous and anthracite type coals. The first phase of coalification 
(fossilization) is to preserve the plant material from oxidation. This 
peat moss like material is still basically plant material. The first coal 
like material formed is lignite, or brown coal. The coalification 
process basically squeezes out oxygen and water. As the plant 
material becomes less like wood and more like oil, the pore structure 
constricts limiting the water retention capacity of a coal. This water 
retention capacity is measured using the equilibrium moisture (EQ 
moisture) test. Sub-bituminous coals like the PRB coals are the next 
step in the coal ranking system. Then comes the low ranked 
Bituminous C type coal. This is the ranking of many Illinois Basin 
coals. The higher ranked Bituminous B and C coals are generally 
found in the Appalachian coalfields. 

Most of the coal tests that ASTM has standardized were written 
around higher ranked bituminous and anthracite coals. The tight pore 
structures of these coals limited the amount of inherent moisture they 
could hold. Typically these high ranked coals have EQ moistures of 
1-10. The first step of determining coal quality in the lab is to air-dry 
the sample to near equilibrium with the laboratory humidity levels. 
This is done to minimize any impact on lab results of additional drying 
or absorption of water from the air. In high rank coals, the moisture 
lost in the air-drying step is near equivalent to the surface moisture. 



The residual moisture is that moisture that is still locked up in the coal 
after air-drying. The higher ranked coals that ASTM standards were 
based on possess this well-defined split between the air-dried or 
surface moisture and the residual or near EQ moisture. This is not 
the case for low rank coals like PRB coal. The sponge-like or wood 
like nature of PRB coals make the split between surface moisture and 
inherent moisture a rather fuzzy line. 

Quality 

Most of the quality differences between PRB coal and the higher 
ranked coal can be explained by understanding that the PRB coal 
has this looser pore structure and additional moisture retention 
capacity. PRB coal also has more oxygen chemically bonded to the 
coal. 

Quality Table 

Btu/lb. . Higher moisture and oxygen result in lower Btu/lb. 

Sulfur The low sulfur nature of PRB coal is due to fresh water 

exposure rather than sea water. 

Volatile High volatile nature due to low rank has many oxygenated 

compounds like CO. 

Ash Low inherent ash has large non-rock or organically bound 

calcium and sodium fraction. 

HGI near mid fifties as seen by mills, hare to measure accurately 

due to moisture impacts. 

Fusion Generally low fusion due to high CaO content. Does not 

predict ash deposits as well as in eastern US coals. 

Ash Chemistry Sulfur Trioxide S03 is high due to capture of sulfur by 

calcium in ash. This can bias the percent ash compared to 
actual amount of fly ash and bottom ash produced. 

Chemical Fractionation 
Fouling Deposits 
Ash Viscosity 
Abrasion 

Spontaneous Combustion 



Sampling 



The sampling of PRB coal is a little harder to do properly due to the 
coal's ability to gain and lose moisture. This requires good ribbon 
flow and a tight sampler. Use the ASTM requirements for raw coal, as 
out of seam dilution is a main component of higher ash products. 
Clean sampler regularly to avoid coal build-up and fire hazzards. 

Causes of Ash Deposits 

The main causes of ash deposits depend where you work. If you work in 
steam plant operations the main cause is lousy coal, if your are a coal 
buyer the main cause is lousy steam plant design, and if you are in 
engineering the main cause is lousy steam plant operation. All are right in 
a sense. Scientific analytical investigations reveal that it is usually a 
combination of all three of these areas. 

The following table presents the major causes of ash deposits: 

TABLE I - Major Causes of Ash Deposits 



Fuel Related Large pyrite particles that impact the furnace wall 

before they completely combust 

Clay minerals that contain significant amounts of iron, 
calcium, sodium or potassium causing them to have 
low melting temperatures 

Interaction of pyrite, clays and akalis with alumino 
silicates to form low viscosity melts 

Extremely fine or organically bound alkalis 



Equipment Related Soot blowers not in operation or used improperly 

Poor pulverization of fuel 
Improper air to fuel ratio 
Burners damaged or improperly adjusted 
Changes in operation of boiler or other equipment 



Design Related Furnace size too small for fuel 

Tube material and/or spacing inadequate 

Soot blowing coverage inadequate 

No means provided to observe slag buildup 



Analytical Procedures 
Slag 

Lets start our review with an overview of coal mineralogy and its 
relationship to coal ash chemistry, melting & slagging properties, and 
fusion temperature. There are not distinct melting points for coal ash 
like with ice or other pure compounds, so when melting is mentioned 
it is used to represent a decrease in viscosity, rather than a melting 
point. When coal ash melts it occurs on both a large scale and a 
microscopic scale. On the large or bulk scale the ash behaves like a 
glass. As the temperature of the material increases, its viscosity 
decreases. At temperatures less than 2000° F. the ash may appear 
solid, or at least stiff, such as a Tootsie Roll. On a microscopic scale 
several minerals may have all ready melted, but their concentrations 
are low when compared to other minerals with higher melting 
temperatures. As the temperature is increased the ash becomes less 
viscous or more liquid like. Many reactions are now occurring 
between the minerals as they melt and become more fluid. As the 
molten components mix they become more like molten glass. This 
molten material starts to dissolve the non molten materials like quartz 
and other minerals. In this way the melting temperature of minerals 
such as sandstones and shales are lowered by other minerals such 
as pyrite and limestone. 

The ASTM Fusion Temperature Test is a documented observation of 
this process occurring in coal ash shaped like a small cone, and 
placed in a furnace with increasing temperatures. The initial 
deformation temperature, ID, is usually a hundred or more degrees 
above where the first low melting temp, minerals start to melt. The 



remaining fusion temperatures represent an ever increasing amount 
of molten material, and a lowering of the viscosity of the glass like 
material. It should be noted that even at the fluid temp, there may be 
solid or non-melted minerals such as quartz. The atmosphere of the 
furnace is controlled to either an oxidizing (like air) or a reducing (CO 
present) condition. This is important due to the oxidation behavior of 
iron (Fe) atoms. Reduced iron lowers melting and fusion 
temperatures of ash much better than the oxidized form. In coals that 
have significant iron levels, like those in the Illinois Basin, the 
oxidation state of the iron is critical. The difference between the 
oxidizing and reducing fusion temps, can be hundreds of degrees. 
This phenomenon is one of the variables that make consistent fusion 
temperature data hard to obtain. 

When trying to determine the behavior of coal ash in a boiler, both the 
type and size of minerals present is important information. 
Unfortunately it is both difficult and expensive to determine the actual 
minerals in coal. The ash chemistry or major and minor elements in 
coal ash are the next most useful information. This is because 
melting properties can be estimated and minerals can be inferred. 
Although the cost of ash chemistry is higher than fusion tests, the 
information obtained is well worth the expense. The fusion 
temperature test is a lower cost technique with reasonable 
turnaround time. Fusion temperatures have been used for years, and 
are contained in most coal contracts. Unfortunately, fusion temps 
provide no mineralogical information, are notoriously imprecise and 
are influenced by all sorts of factors that cause variability. It is the 
author's experience that different laboratories can produce fusion 
temperatures that vary well outside the ASTM guidelines, and both 
laboratories are performing satisfactorily. 



Analytical Procedures 

Ash levels 

Ash levels in coal are generally reported from the lab as a 
percent of ash. This is convenient for the lab but not 
completely representative of what the boiler sees. Boilers 
demand Btus, not tons of fuel. A more representative (for 
the boiler) way to express ash levels is to use pounds of 



ash per million Btu. These units are easy to calculate 
using the following expression: 

Lb. Ash/MBtu = %Ash/(Btu/lb./1 0,000) 

Ash fusion temperatures 

Ash fusion temperature tests have been around for 
almost a century. At first there was just one History 
Stoker furnaces 

Deficiencies Does not work well with PRB coals 

Reducing vs. Oxidizing conditions 
Advanced ash fusion techniques 

Ash Chemistry 

Not Minerals, just oxides 
Acids or glass formers 
Silicon dioxide Si02 
Aluminum oxide AI203 
Titanium dioxide Ti02 

Bases or fluxing agents 
Iron oxide Fe203 
Calcium oxide CaO 
Magnesium oxide MgO 
Potassium oxide K20 
Sodium oxide Na20 
Base to acid ratio 

Sum of bases/sum of acids 
B/A vs. Fusion Temps. 

Slagging index 

Dry sulfur x B/A 

Iron squared term 
Elemental loading 

Pounds of iron per million Btu 

Pounds silica and other elements 

Computer Controlled Scanning Electron Microscopy 



Fouling Deposits 



Most fouling problems caused by Calcium sulfate deposits 

Chemical Fractionation 
Active alkali 

Water soluble 

Ammonium Acetate soluble 
Weak acid soluble 
Micro crystals 

Cyclone and Wet Bottom Furnaces 
Each cyclone is individual furnace 
Balanced air to fuel ratio 
Must have wet slag to work 

Must be hot, maintain minimum loading 

Coal Sizing 

Ash loading minimum 

Must be low fusion ash 

Many don't use fluid fusion temperature 
T-250 temperatures 

Temperature at which slag will flow 
T-250 methods 
T-250 vs. Heating value 



Temperature-Viscosity Relationship 

o 1200 
•5 1000 
a- 800 
g> 600 
g 400 
So 200 
> 0 

2400 2450 2500 2550 2600 2650 
Temperature - Fahrenheit 

Ash Viscosity Measurement 

Deposit Analyses 

Proper Sampling (2) 

Optical and Electron Microscopy 
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(57) ABSTRACT 

The present invention provides a method of operating a solid 
fuel fired boiler comprising introducing a solid fuel and an 
iron-bearing material into the boiler. The solid fuel is at least 
partially combusted in the boiler to produce an ash slag, 
wherein the ash fusion temperature characteristics (i.e., one 
or more of the IDT, ST, HT, and FT) of the ash slag are 
different than the ash fusion temperature characteristics of 
the ash slag that would result on combustion of the solid fuel 
alone. The method of the present invention is particularly 
applicable to slag tap boilers, including cyclone-type boilers. 
These boilers are, typically, designed to operate with a liquid 
ash slag. 

The iron-bearing material may be, but is not limited to, at 
least one of iron ore beneficiation tailings, iron ore fines, 
pelletized blends of coal and iron-bearing material, pellet- 
ized solid fuel containing iron-bearing compounds, iron- 
bearing boiler ash, mill scale from steel production, dust 
from blast furnace gas cleaning equipment, flue dust from 
sinter plants, and other materials including iron or including 
material that bears iron. According to the present invention 
also describes methods of introducing the iron-bearing mate- 
rial into the slag tap combustion apparatus. The method of 
the invention allows lower sulfur coals, as well as other fuels 
typically unsuited for use in slag top boilers, to be used in 
such boilers, significantly reducing S0 2 emissions. 

26 Claims, 5 Drawing Sheets 
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METHOD FOR OPERATING A SLAG TAP eastern region low sulfur coals, or they may present opera- 

COMBUSTION APPARATUS tional difficulties due to unfavorable slag viscosity charac- 

teristics. 

Certain boiler systems that are fired with solid fuels, and 
CROSS-REFERENCE TO RELATED 5 more particularly fired with coal, are designed to operate 

APPLICATIONS a continuous flow of liquid fuel ash or "slag" out of the 

bottom region of the boiler. Boilers of this type are variously 
Not Applicable referred to as "slag tap" or "wet bottom" boilers. The 

operation of these boilers is limited to coals that combustion 
FEDERALLY SPONSORED RESEARCH ^ produce m ^ slag having a low ^ f^n temperature 

Not Applicable (AFT)* low viscosity, or other characteristic that allows the 

ash slag to flow from the combustion chamber of the boiler 

TECHNICAL FIELD AND INDUSTRIAL during operation of the boiler. The ash fusion temperature 

APPLICABILITY OF THE INVENTION properties of the resultant fuel ash slag may be characterized 

1S in a number of ways, including initial deformation tempera- 

The present invention is directed to the operation of slag mre softening temperature (ST), hemispherical tem- 

tap-type combustion apparatuses for the production of perature (HT), and fluid temperature (FT). The AFT prop- 

steam, generation of electric power, or for any other purpose. erties m commonly determined by the procedure outlined 

Application of the present invention to solid fuel-fired slag m ASTM Standard D-1857. This procedure defines the IDT 

tap-type boilers will allow a reduction in noxious emissions ^ as tne temperature at which the first rounding of the tip of a 

of these boilers. More particularly, the present invention is cone formed from the ash of Lhe coal being eva hiated occurs; 

directed to the addition of iron-bearing compounds to solid the ST ^ defined as the temperature at which the cone has 

fuel-fired slag tap-type boilers for the purpose of fluxing the down to a spherical lump having a height equal to the 

ash of fuels that would otherwise produce ash slag with high ^th 0 f the base; the HT is defined as the temperature at 

ash fusion temperatures and/or high viscosity, or that would ^ w hi c h the cone has fused down to a hemispherical lump 

otherwise be incompatible, for environmental or other having a heignt wnich fe one balf the ^dth of the base; and 

reasons, with such boilers. As described in detail below, the FT is defined as the temperature at which the fused mass 

many different industrial products and by-products may be has spread out * m a nearly flat layer ^ a maxmium height 

used as the iron-bearing compounds utilized in the method 0 f one sixteenth of an inch. In this specification, these 

of the present invention. The method of the present inven- 3Q temperatures are collectively referred to as the Ash Fusion 

tion may be used in heat, steam, and power production, and Temperature or AFT characteristics of a particular ash. 

in any other applications of solid fuel-fired slag tap-type Slag tap boiler5 m ^ ^ general categories , both 

boilers. requiring production of a liquid ash slag from combustion of 

BACKGROUND OF THF INVFNTION ^ ^ A ^ to operate P r0 P erl y- ^ first category is 

BACKGROUND OF THE INVENTION ^ characterized by boflers that &e the foel ^ pulverized f orm , 

The combustion of solid fuel releases energy that may be Such boilers are referred to herein as "pulverized fuel" 

harnessed for the production of heat, steam, electricity, or for boilers. The second category includes boilers commonly 

other purposes. Solid fuels presently combusted for the referred to as cyclone boilers. In a cyclone boiler, crushed 

production of heat, steam, electricity, or other purposes coal is fed into the burner end of a water cooled, horizontally 

include, but are not limited to, coal, biomass, petroleum 40 oriented cylinder. Combustion air is introduced into the 

coke, and other synthetic fuels. The most widely used solid cylinder tangentially to impart a whirling motion to the coal, 

fuel for electricity generation is coal. Coal is a macromo- Coal fired boilers in both of these broad categories require 

lecular network composed of groups of polynuclear aro- the use of coal that produces an ash with properties char- 

matic rings, to which are attached subordinate rings con- acteristic of low AFT and favorable viscosity properties over 

nected by oxygen, sulfur, and aliphatic bridges. Combustion 45 the temperature range experienced in the combustion envi- 

of the organic matter of the macromolecular network gen- ronment. Such AFT and viscosity properties are necessary to 

erates heat that typically is used to generate steam that drives allow the ash slag to flow from the boiler. Typically, coals 

steam turbines and generates electricity. Along with the and other fuels with the low AFT characteristics or favorable 

generation of heat, combustion of coal produces flue gases ash viscosity properties required for use in slag tap boilers 

and fuel ash slag. The ash slag generally consists of the 50 also have high sulfur concentrations. High sulfur content 

mineral matter remaining after combustion of the organic coals and other fuels produce greater sulfur dioxide and 

matter in the coal. Thus, the slag may include, for example, noxious gases when combusted in fuel-fired boilers, 

silicas, aluminas, iron oxides and other inorganic com- Slag tap boilers are typically individually designed to bum 

pounds. coal from the local area. Therefore, the combustion chamber 

Coal is abundant in the United States, more abundant than 55 is designed to operate with the particular ash produced from 

oil, for example, and coals from different regions of the a certain coal type. Conversely, coal meeting certain prede- 

United States and the world have different characteristics, termined specifications must be used in each slag type boiler 

such as chemical composition, heat value, and physical to ensure proper operation. These specifications include, but 

properties. Much of the coal from the eastern region of the are not limited to, specifications for AFT characteristics, ash 

United States has a high sulfur content and when combusted 60 slag viscosity temperature profile range, ash slag base-to- 

produces an ash that can be handled as a liquid at conven- acid ratio, as well as others. Coals which do not meet the 

tional combustion chamber temperatures. Conversely, low specifications engineered into a certain designer's slag tap 

sulfur coal from the eastern region of the United States boiler cannot be used in the boiler, 

produces an ash that cannot be handled as a liquid at these Phase I of the Acid Rain Program of the 1990 Clean Air 

temperatures, due to elevated melting temperatures. Han- 65 Act placed a limit on the amount of sulfur dioxide (SO2) that 

dling low-sulfur coal from the western United States may can be emitted annually by certain sources. S0 2 emissions 

present handling problems similar to those encountered with from coal fired electric utility plants located in the eastern 
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and midwestern states were typically limited to a greater 
degree than other sources. Sources of S0 2 air pollution are 
allocated allowances, or "rights to pollute", based on their 
historic level of S0 2 emissions. Each allowance permits one 
ton of S0 2 to be released into the air and cannot be used 
again. At the end of each year, polluting sources must hold 
enough allowances to cover their S0 2 emissions for that 
year. Any remaining allowances can be sold, traded, or 
banked for future use. If a source of air pollution does not 
have enough allowances to cover its S0 2 emissions, it can 
buy allowances on the open market. Every year the limit on 
the amount of S0 2 that can be emitted annually is reduced. 
Allowances are, therefore, a valuable commodity and emis- 
sions of S0 2 are becoming more expensive every year. 
Phase II of the Acid Rain Program, which began in the year 
2000, further tightens the annual S0 2 emission limits 
imposed on coal fired utilities and on smaller, cleaner 
burning plants. 

Therefore, burning of high sulfur coals has become or will 
shortly become cost prohibitive for many electric or steam 
generation facilities. Since slag tap or cyclone boilers were 
designed to operate using high sulfur coals with low AFT 
characteristics, continued operation of these facilities using 
high sulfur coals and conventional power production meth- 
ods will continue to become increasingly costly, to produc- 
ers and consumers alike. Lower sulfur coals generally have 
ash chemistry and AFT characteristics that are outside the 
range for which these boilers were originally designed and, 
therefore, use of these alternate fuels can cause significant 
operational problems. For example, lower sulfur coals typi- 
cally have higher AFT characteristics (i.e., higher IDT, ST, 
HT, and FT) and, therefore, the resultant fuel ash may not 
flow from the bottom of the boiler, a requisite with slag tap 
boilers. 

In order to address the problems associated with the use 
of alternate coal types in slag type boilers, attempts have 
been made to modify the AFT characteristics of coals. For 
example, U.S. Pat. No. 5,364,421 describes a process 
wherein bituminous coal, which is unsuitable for use in slag 
tap boilers, is blended with lignitic coal. The blend is 
adjusted such that the resultant fuel ash has a viscosity at or 
below 250 poise at 2600° R, the operating temperature of the 
combustion chamber. The '429 patent states that coals 
having ash viscosity in this range are suitable for use in slag 
tap boilers. However, the technique of blending coals to 
adjust AFT characteristics has major limitations because the 
amount of high sulfur coal that can be blended with low 
sulfur coal and still operate with the sulfur emissions regu- 
lations is limited. Also, the blending of coals has only a 
limited effect on the properties of the ash slag. Therefore, 
this method has limited industrial applicability. 

Thus, there exists a need for a method of modifying the 
operation of solid fuel-fired slag tap boilers to allow the 
boilers to operate with alternate fuels for which the boilers 
were not designed. There also exists a need for a method of 
altering the AFT characteristics of low sulfur coals to render 
them suitable for use in certain slag tap boilers. 

In addition, there exists a need for a method of maintain- 
ing stable boiler operation when operating slag tap boilers 
with solid fuels that would produce ash slag with AFT 
characteristics outside the range for which the boilers were 
originally designed. 

SUMMARY OF THE INVENTION 

The present invention provides a method of operating a 
solid fuel fired boiler comprising introducing a solid fuel and 
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an iron-bearing material into the boiler. The solid fuel is at 
least partially combusted in the boiler to produce an ash slag, 
wherein the ash fusion temperature characteristics (i.e., one 
or more of the IDT, ST, HT, and FT) of the ash slag are 

5 different than the ash fusion temperature characteristics of 
the ash slag that would result on combustion of the solid fuel 
alone. The method of the present invention is particularly 
applicable to slag tap boilers, including cyclone-type boilers. 
These boilers are, typically, designed to operate with a liquid 

10 ash slag. 

The iron-bearing material may be, but is not limited to, at 
least one of iron ore beneficiation tailings, iron ore fines, 
pelletized blends of coal and iron-bearing material, pellet- 
ized solid fuel containing iron-bearing compounds, iron- 

15 bearing boiler ash, mill scale from steel production, dust 
from blast furnace gas cleaning equipment, flue dust from 
sinter plants, and other materials including iron or including 
material that bears iron. The iron-bearing material may be 
blended with the coal or other solid fuel that is to be fired in 

20 the boiler prior to or during combustion to modify one or ' 
more properties of the ash slag to meet the design specifi- 
cations of the boiler. These properties may be, but are not 
limited to, ash fusion temperature characteristics, ash slag 
viscosity, ash slag base-to-acid ratio, as well as other prop- 

25 erties. 

According to the present invention, the iron-bearing mate- 
rial may be fed into the slag tap or other solid fuel fired 
boiler in one or more of several different locations. In 
pulverized fuel slag tap boilers, the material bearing iron 

30 compounds may be fed into, for example, the fuel 
pulverizers, the fuel transfer system, directly into the boilers, 
into the combustion chamber enclosure or any other location 
in the system. In cyclone slag tap boilers, the iron-bearing 
material may be fed into, for example, the fuel storage 

35 bunker, the fuel transfer system, the cyclone boilers directly, 
the combustion enclosure, or any other location in the 
system. 

The method of the invention allows lower sulfur coals, as 
40 well as other fuels typically unsuited for use in slag top 
boilers, to be used in such boilers, significantly reducing 
S0 2 emissions. 

The reader will appreciate the foregoing details and 
advantages of the present invention, as well as others, upon 
45 consideration of the following detailed description of 
embodiments of the invention. The reader also may com- 
prehend such additional details and advantages of the 
present invention upon making and/or using the stainless 
steels of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention may 
be better understood by reference to the accompanying 
drawings, in which: 
55 FIG. 1 depicts a conventional coal-fired pulverized fuel 
slag tap boiler installation that may be modified to imple- 
ment the method of the present invention; 
FIG. 2 schematically depicts a conventional cyclone 
60 boiler installation that may be modified to implement the 
method of the present invention; 

FIG. 3 is a graphical plot of temperature for 250-poise 
viscosity vs. base-to-acid ratio based on a ferric percentage 
of 20 utilized for estimating the T 250 of a coal from the 
65 composition of the ash; 

FIG. 4 schematically depicts a pulverized coal slag tap 
boiler installation and identifies several possible locations 
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for introduction of iron-bearing material into the boiler properties of slag produced from ash having elevated fusion 

according to the method of the present invention; and temperatures can produce buildup of slag in the combustion 

FIG. 5 depicts a cyclone boiler installation and identifies chamber, notably on heat transfer surfaces. This may result 

several possible locations for introduction of iron-bearing ™ rc ^ uced steam production by the boiler, as well as 

material into the boiler according to the method of the 5 ^ss^le premature mechanical failure of boikr components 

present invention Thud, where a slag screen 9 is instaUed, buildup of slag ash 

with poor flow properties on the screen can result in restric- 

DETAILED DESCRIPTION OF EMBODIMENTS ^ons of the flow of combustion gases out of the boiler, 

OF THE INVENTION causing reduction in steam production, and possibly a com- 

. , , . . , , in plete blockage of combustion gas flow. 

A conventional pulverized coal slag tap boiler is sche- , - m . . . . , 

— n a ' * a T7in 1 a • ii • a- ♦ a in second category of slag tap boiler is the cyclone 
mat cally depicted in FIG. 1 and * generaUy indicated as 10 ^ A ^^fonal cydone furnace is shown 
Fuel may be fed to pulverizers 1, where the foe is reduced s^^y ta FIG . 2 and ^ ; neraU indicated „ u 
in partick size. After pulverization the foel 1S transported b J er u CQmbusts R ^ g 
along with pulverizer gases, through fuel transfer system 2 heat Fud is cn]shed ^ cmsher ^ Qr n icall P S0 ^ 

to burners 3, where it is introduced to combustion chamber n new **u c i -n *u u a l 

- T . V. . . - iL . approximately 95% of the fuel will pass through a 4-mesh 
5. In combustion chamber 5 the combustible portion of the screen Jhe &e , be cmshed £ desired B particle size 

fuel is lately consumed to produce heat, while the non- in cmsher UA J { . introduction t0 ^ ^ stQ 

combustible portion of the fuel undergoes complex chemical bunker J3 of J., fe fc(J from bunker 12B * 

transformations forming a fuel ash The majority of the system W . Cyclone boUer U has two water-cooled horizon- 

non-combustible portion of he foel in a slag tap boiler & bne burners 15 fa which ^ 

should form ash slag in i s liquid or molten state at the and ^ m ^ ^ fe released 

temperatures within the boder. Tte solid portion of die fuel Approximately 20% of the combustion air enters burners 15 

ash is generally called flue ash and should be entrained in the 4 „„„ *i„ti„ ^ u- r * *u • 

combustion eases tangentially to impart a whirling motion to the incoming 

° 25 solid fuel. The remaining combustion air is admitted in the 

Combustion chamber 5 of slag tap boiler 10 is enclosed, same direction tangentially at the roof of the cylinder of 

as is conventional, either partly or fully by heat transfer cyclone burners 15 and wh^g or centrifu- 

surface 7 which also is referred to as a waterwall. Waterwall gal actioi] to the ^ p arlic ]es. The operating temperature of 

7 absorbs heat produced by combustion of the fuel in combustion chamber 16 is typically designed to exceed 

combustion chamber 5. Waterwall 7 typically contains a 3Q 3000° F. (16500° C). Coals are used in cyclone boilers that 

contmuousfeedofwaterwhichisconvertedtosteambyheat produce a liquid ^ at these temp eratures. The liquid ash 

generated m combustion chamber 5 for use in electric power forms a layer on lhe walls of cyc i one burners 15. Some 

generation or other uses. incoming coal particles are thrown to these walls by cen- 

The liquid or molten portion of the fuel ash in pulverized trifiigal forces, held in the slag, and scrubbed by the com- 
coal slag tap boiler 10 exits combustion chamber 5 through 35 bustion air. Fuel and liquid slag are maintained in cyclone 
slag tap 6, while the remaining ash is entrained in combus- burners 15. Fuel is partially combusted in cyclone burners 
tion chamber gases fed to combustion chamber outlet 4. At 15, and the balance of combustion is achieved as materials 
combustion chamber outlet 4, the gases enter a passageway leave cyclone burners 15 and enter main combustion cham- 
typically containing gas heat transfer surfaces 8 to recover ber 16, which is wholly of partly enclosed by waterwalls 17. 
the heat contained in the hot combustion chamber gases. In 40 The mo lten slag in excess of the thin layer retained on 
some cases a "slag screen" 9 may be mounted ahead of heat waterwalls 17 continually drains away from the burner end 
transfer surfaces 8, on which any ash particles entrained in 0 f combustion chamber 16, discharges through slag tap 18 
the combustion gases may be collected and maintained in opening adjacent to lower cyclone burner 15, and is tapped 
combustion chamber 5 as a slag. Slag screen 9 may reduce mto a slag tank, where the slag is solidified for disposal. The 
the potential deposition and fouling of heat transfer surfaces 45 gaseous products of combustion are discharged into a gas- 
8. Fouling of heat transfer surfaces 8 ultimately reduces the cooIing portion of boiler u A portion or ±e foel ash is 
efficiency of boiler operation. If operation of the boiler entrained in the gaseous products and exits through corn- 
becomes too inefficient, the boiler must be shut down and bustion chamber outlet 19. Slag screen 20 may be mounted 
cleaned, which is costly, time-consuming, and takes the in this region to inhibit slag buildup on combustion gas heat 
boiler out of service. SQ exchange surfaces 21 due to entrained solids 11. Cyclone 

To maintain the necessary fuel ash slag flow from the slag boilers are designed for fuels with low ash fusion tempera- 
tap 6 at the bottom of boiler 10, it is required that the AFT tures (IDT, ST, HT, and FT) below about 2600° F. Where 
characteristics (i.e., IDT, ST, HT, and FT) of the ash be fuel with excessive ash fusion temperatures is used, the 
sufficiently low. In the case of boilers equipped with slag following operating difficulties can result. First, it may be 
screens 9, it is also generally required that the AFT charac- 55 difficult to maintain the flow of slag out of cyclone burners 
teristics be sufficiently low as to prevent formation of slag 15 and boiler slag tap 18. Second, slag buildup in main 
screen deposits and screen pluggage, which would restrict combustion chamber 16 may be difficult to remove from 
the flow of combustion gases from combustion chamber 5. waterwalls 17, and this may result in mechanical failure of 

Slag tap boilers are designed for the use of fuel with ash heat transfer surfaces 17 and 21. 

fusion temperatures below about 2600° F. Where fuel ash 60 Liquid coal ash can feasibly be removed from slag tap 

fusion temperatures are excessively high, the following boilers if the slag ash has a viscosity of 250 poise or below 

operational difficulties may be encountered in the operation at the operating temperature of the boiler. Slag tap boilers 

for slag tap boilers. First, ash slag with higher viscosity at are typically designed for liquid coal ashes having a viscos- 

combustion temperatures than the design viscosity of the ity of 250 poise or less at 2600° F. Therefore, coals are 

boiler may result in poor ash flow properties under boiler 65 usually classified by their T250, which is the temperature in 

operating conditions. This will stop slag flow out of the slag degrees Fahrenheit to obtain a 250 poise ash viscosity after 

tap boiler and disrupt boiler operation. Second, the poor flow combustion. The viscosity of coal fuel ash is typically 
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measured in a high temperature rotating-bob viscometer. 
The direct measurement of the viscosity of coal ash in this 
way at several temperatures provides reliable data that can 
be used to determine the suitability of various coals for use 
in slag tap type boilers. However, since the direct measure- 
ment of coal ash viscosity by a viscometer is a long and 
costly procedure, methods of estimating the coal ash vis- 
cosity or T 2S0 from a chemical analysis of the coal ash have 
been developed. 

Solid fuels, and particularly fossil fuels such as coal, used 
in steam generation may contain varying amounts of non- 
combustible constituents which, following the combustion 
process, are removed from the system in either a solid form, 
a liquid form, or both, as discussed above. Broadly, there are 
two sets of non-combustible chemical constituents of coal 
whose relative presence in the ash will influence AFT 
characteristics. These constituents of coal can be generally 
classified as either basic or acidic. The acidic constituents of 
coal typically are considered to be Si0 2 , A1 2 0 3 , and Ti0 2 . 
The basic constituents typically are considered to be Fe 2 0 3 , 
CaO, MgO, Na^, and K^O. Empirical studies have shown 
that the relative ratio of the basic to acidic constituents in the 
ash can be used to estimate the viscosity/temperature rela- 
tionship of the fuel ash, including the silica ratio, the 
base-to-acid ratio, and the dolomite percentage. A higher 
ratio of basic constituents indicates lower AFT characteris- 
tics (i.e. lower IDT, ST, HT, and FT) of a fuel, and therefore, 
the basic constituents are considered to be the fluxes. The 
base-to-acid ratio is calculated by the following equation: 



15 



20 



25 



30 



Basc-to- Acid Ratios 



Fe2Q 3 + CaO + MgO 4- Na 2 Q + K,0 
SiOz +AI2O3+T1O2 



FIG. 3 is a plot of temperature for 250-poise viscosity vs. 
the base-to-acid ratio based on a ferric percentage of 20 
utilized for estimating the T^o of a coal from the compo- 
sition of the ash. The base-to-acid ratio is determined for an 
individual coal from the above equation, and the plot in FIG. 
3 may be used to estimate the T^q of the coal and, therefore, 
its suitability for use in a slag tap boiler. 

Fuels can also be considered to have bituminous-type ash 
or lignite-type ash. For bituminous-type ash the principle 
flux, or viscosity lowering, component is Fe 2 0 3 , while for 
lignite-type ash the principle fluxes are CaO and MgO, and 
some lignitic ashes may also contain elevated levels of 
Na 2 0, and KjO. Fuels with bituminous-type ash, which 
have low AFT characteristics due to elevated Fe 2 0 3 
contents, typically derive the iron oxides from pyrite in the 
fuel, and are also characterized by high pyretic sulfur 
contents and, hence, high sulfur dioxide emissions potential. 
Switching to lower sulfur fuels will cause fuel ash with 
lower iron contents and lower basicity to be produced in the 
furnace, resulting in the aforementioned slag and ash han- 
dling problems due to higher than design ash viscosity 
characteristics. 

In one aspect, the present invention is directed to the 
addition of iron-bearing materials in conjunction with low 
sulfur solid fuels that would generally be considered unsuit- 
able for combustion in a slag tap boiler to adjust the ash 
viscosity and AFT characteristics to meet the design char- 
acteristics for the boiler. In this way, stable boiler operation 
can be maintained while reducing sulfur dioxide emissions. 
Any iron-bearing bearing material may be added to the 
combustion process to adjust the ash viscosity characteris- 
tics. Hie iron-bearing material may be, for example, one or 
more of iron and iron oxide bearing materials such as, for 
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50 
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example, iron ore beneficiation tailings, iron ore fines, 
pelletized iron ore, pelletized blends of coal, other solid 
fuels including iron-bearing materials, iron-bearing boiler 
ash, mill scale from steel production, flue dust from blast 
furnace gas cleaning equipment, and flue dust from sinter 
plants. Other iron-bearing materials will be readily apparent 
to those of ordinary skill. The iron present in the iron- 
bearing materials may be in the form of ferric oxide (Fe 2 0 3 ), 
ferrous oxide (FeO), or neutral iron (Fe), either alone of in 
combinations, as well as other chemical forms of iron. 
Typical iron ores that may be used to flux the fuel ash by the 
method of the present invention are hematite, taconite, and 
magnetite. Carbon may be present in the iron-bearing mate- 
rials in the form of, for example, blast furnace flue dust, or 
carbon may be added to these materials to promote reduction 
of the iron oxides to more readily flux the fuel ash. 

The one or more iron-bearing materials are added to the 
boiler in a ratio with the fuel to the boiler in order to produce 
a composite ash and slag chemistry that will resemble the 
design characteristics of the particular boiler. The iron- 
bearing materials may be added as furnished from the 
producer, or may be subject to further processing to optimize 
their use as fluxes. For example, the particle size distribution 
of the iron-bearing materials may be adjusted so that a 
certain fraction will be entrained in the combustion gas, and 
therefore, may be available to flux slag screen deposits, if 
necessary. Adjustment of the particle size distribution may 
be effected through agglomeration of particles or through 
size reduction of the particles, either alone or in combination 
to reduce the particle size distribution. Those of ordinary 
skill will be familiar with those and other methods of 
altering particle size distribution of solid materials. 

The appropriate methods of introducing the iron-bearing 
material into the boiler will depend on the specific boiler 
design, installation, and boiler type. FIG. 4 depicts several 
locations for introducing iron-bearing material into a slag 
tap boiler. This figure is meant only as an example and not 
to limit the method of the present invention. The iron- 
bearing material may be fed from iron-bearing material 
storage 22 through transfer system 23 for introduction in 
slag tap boilers according to the method of the present 
invention at several locations including, but not limited to, 
the fuel transfer system 24, pulverizers 25, directly into 
burners 26, into combustion chamber enclosure 27, for 
example, through a lance inserted through an existing open- 
ing in the combustion chamber 27 enclosure, or at any other 
location in the system. FIG. 5 depicts several locations for 
introduction of the iron-bearing material into a cyclone 
boiler. Possible locations for introducing iron-bearing mate- 
rials to flux the fuel ash in cyclone boilers include, but are 
not limited to, at iron-bearing material storage 28, through 
iron-bearing material transfer system 29, into the fuel stor- 
age bunker 30, into the fuel transfer system 31, directly into 
the cyclone boilers 32, into the combustion enclosure 33, for 
example, through a lance inserted through an existing open- 
ing in the combustion chamber 33 enclosure, or at any other 
location in the system. 

In order to illustrate embodiments of the method of the 
present invention, Table 1 lists four different coals and 
typical properties of each coal type, including the compo- 
sition of the resultant ash, AFT characteristics, and sulfur 
and iron contents. Fuels 1 and 2 are of a type commonly 
found in the midwestern United States region. These mid- 
western coals typical possess low AFT characteristics that 
render them suitable for use in slag tap boilers. Many slag 
tap boiler systems, in the United States and elsewhere, were 
originally designed to use fuels with the ash fusibility 
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characteristics similar to fuels 1 and 2 of Table 1. Table 1 
also indicates the United States Geological Survey (USGS) 
identification numbers for each coal listed. 

Fuels 1 and 2 have significantly higher sulfur contents 
than fuels 3 and 4 listed in Table 1. The use of high sulfur 
coals may currently be precluded for combustion in many 
boilers based on current environmental regulations without 
installation of the equipment necessary to remove or scrub 
the resultant sulfur dioxide from the combustion gas. Fuels 
3 and 4 and similar coals contain significantly lower con- 
centrations of sulfur and may be suitable for use in coal fired 
boilers without expensive flue gas desulfurization equip- 
ment. However, the AFT characteristics of fuels 3 and 4 are 
above 2800° F. and therefore their use in a slag tap boiler 
would lead to slag handling problems as previously dis- 
cussed, thus, fuels 3 and 4 are unsuitable for use in slag tap 
boiler without suitable flue gas desulfurization equipment. 
Fuels 3 and 4 are typical of low sulfur content coal which 
also has high AFT characteristics. Fuels of this type may be 
rendered suitable for use in slag tap boilers by the method of 
the present invention. Addition of suitable amounts of iron- 
bearing material according to the method of the present 
invention to low sulfur coals with high AFT characteristics 
will adjust the base-to-acid ratio and ultimately the ash 
viscosity characteristics to render the low sulfur coals suit- 
able for use in slag tap boilers. The addition of iron-bearing 
materials to low sulfur coals adjusts the iron content of the 
slag to more closely resemble that characteristic of the type 
of fuel represented in Table 1 by fuels 1 and 2. 

TABLE 1 



Analyses of Selected Fuels 



Fuel 


1 


2 


3 


4 


USGS I.D.# 


219409 


219414 


195042 


195040 


Seam 


Lower 


Pittsburgh 


#2 Gas 


#5 Block 




Kitta nning 






County 


Belmont 


Belmont 


Logan 


Logan 


State 


Ohio 


Ohio 


West Virginia 


West Virginia 


Wt%Ash 


13.8 


8.9 


11.1 


10.2 


Wt % Sulfur 


5.2 


3.8 


0.60 


0.60 


Ash Analysis: 










wt % sio 2 


43.0 


34.0 


59.0 


56.0 


Wt % A1 2 0 3 


4.8 


21.0 


29.0 


27.0 


Wt%CaO 


2.8 


2.9 


0.84 


3.6 


Wt % MgO 


0.13 


0.71 


0.50 


0.50 


Wt % Fe^ 


44.0 


32.0 


2.2 


2.7 


Wt% Fe 


30.6 


22.2 • 


1.53 


1.88 


IDT (° F.) 


1900 


1980 


2800+ 


2800+ 


ST (° F.) 


1990 


2080 


2800+ 


2800+ 


FT (° F.) 


2100 


2150 


2800+ 


2800+ 



In Table 2, chemical analyses of several iron-bearing 
materials are listed. These iron-bearing materials are listed 
only to provide an example of possible iron-bearing mate- 
rials that maybe used in the method of the present invention. 
It is believed that other materials bearing iron may be used 
to adjust the ash viscosity characteristics according to the 
present invention, and the method of the present invention is 
not meant to be limited to the materials listed in Table 2. One 
of ordinary skill may, without undue experimentation, iden- 
tify other useful iron-bearing materials. Iron-bearing mate- 
rials listed in Table 2 include iron ore, taconite pellets, blast 
furnace flue dust, and blast furnace sludge. All of these 
materials contain a high concentration of iron, but also have 
low concentrations of materials that constitute the acidic 
constituents in fuel ash, for example, silicon or aluminum 
oxides. As such, addition of these materials to the combus- 
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tion chamber will have the relative effect of increasing the 
iron content of the slag produced from the fuel ash signifi- 
cantly over the acidic constituent, resulting in a reduction in 
AFT characteristics and T^q, The increase in iron content of 
5 slag accompanying the introduction of the iron-bearing 
materials to the slag will increase the base-to-acid ratio of 
the slag. 

TABLE 2 

10 

Iron-bearing Materials 



3 4 



15 



Number 


1 


2 


Blast Furnace 


Blast Furnace 


Source 


Taconite 


Iron Ore 


Flue Dust 


B.F. Sludge 


Wt % Si0 2 


7.5 


10.4 


6.9 


6.1 


WT % A1 2 0 3 


0.64 


1.5 


2.5 


3.0 


Wt % CaO 


0.36 


0.36 


3.1 


2.7 


Wt % MgO 


0.47 


0.01 


0.7 


0.7 


Wt%Fe 


61.1 


50.4 


32.2 


28.6 


Wt%C 






38.5 


40.8 



20 , 

The iron-bearing materials are preferably added to coal 
with high AFT characteristics in a quantity to adjust the 
composite slag viscosity characteristics to approximate that 

25 of a fuel with lower AFT characteristics for which the boiler 
was designed to operate. Those of ordinary skill may readily 
ascertain the necessary feed amount and feed rate of a 
particular iron-bearing material that must be used with a 
particular solid fuel. Typically, a coal-tired boiler is designed 

30 to operate with a coal from a specific region having certain 
properties, usually referred to as the "design fuel" of the 
boiler. There are several characteristics of the design coal 
that may be approximated in order to determine the quantity 
of iron-bearing material to add to the high AFT coal. These 

35 include but are not limited to the ash viscosity temperature 
characteristics of the design coal, the base-to-acid ratio of 
the design coal, and the iron content of the design coal. 

An example of the method of the present invention is 
shown in Table 3. Fuel 2 of Table 3 is the design coal of the 

40 slag tap boiler of this example. Fuel 2 is a high sulfur coal 
with low AFT characteristics. Fuel 3 is a fuel that has high 
AFT characteristics and would be unsuitable for use in a slag 
tap boiler designed for fuel 2 without modification of the 
fuel's AFT characteristics. The base-to-acid ratio of fuels 2 

45 and 3, listed in the Table 3, were calculated according to the 
equation listed above. In this equation the four sources of 
iron-bearing material listed in Table 2 will be blended with 
fuel 3 to adjust the AFT characteristics of the fuel to 
approximate the AFT characteristics of fuel 2. The blended 

so fuels, fuels 3.1, 3.2, 3.3 and 3.4, have a target base-to-acid 
ratio of 0.65 to approximate the base-to-acid ratio of fuel 2. 
This method was used because the base-to-acid ratio of coal 
may be used to estimate the AFT characteristics and the ash 
viscosity of the ash slag. The amount of each of the 

55 iron-bearing materials required to approximate the design 
fuel may be determined with simple linear programming 
means utikang the base-to-acid ratio equation, the base-to- 
acid ratio of the design fuel, and the base-to-acid ratio of the 
fuel to be adjusted. From this method the final ratio of the 

60 amount of the iron-bearing material and the fuel to be 
adjusted may be determined. This iron bearing material/fuel 
ratio was calculated for the four iron-bearing materials in 
Table 2 to blend with fuel 3 in Table 3 to approximate the 
AFT characteristics of fuel 2 in Table 3. 

65 Addition rates required for the iron-bearing material may 
require further adjustment if additional iron-bearing material 
is desired to be entrained from the combustion chamber in 
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the combustion gases to flux the slag on the slag screen or 
is lost in the flyash. It is envisioned that iron-bearing 
material addition rates as low as 0.50% and as high as 25% 
or more to the combustion chamber may be required, based 
on the ash properties of the fuel. Optimization of partitioning 
of the iron-bearing material to enter the boiler slag rather 
than the flyash, and research for each installation regarding 
the minimum base-to-acid ratio required for maintenance of 
acceptable slag flow properties will determine the final form 
and addition rate of the iron-bearing material. 

TABLE 3 

Examples of addition of iron-bearing materials 



Fuel 


2 


3 


3.1 


3.2 


3.3 


3.4 


Addition Rates, wt % iron 


0 


0 


7.1 


9.1 


13.5 


15.5 


bearing material to fuel 














input rate. 














Wt % Si0 2 


34.0 


59.0 


38.9 


37.1 


38.6 


37.0 


Wt % A1 2 0 3 


21.0 


29.0 


17.9 


16.6 


18.3 


18.2 


Wt % CAO 


2.9 


0.84 


0.64 


0.62 


2.6 


2.5 


Wt % MgO 


0.71 


0.50 


0.49 


0.28 


0.8 


0.81 


W%Fe 


22.2 


1.53 


24.8 


23.6 


23.3 


22.7 


base-to-acid ratio 


0.64 


0.04 


0.65 


0.65 


0.65 


0.65-- 
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Accordingly, the present invention is directed to a method 
of modifying the operation of certain boiler types so that 
such boilers may utilize solid fuels otherwise unsuitable for 
use in the boilers. It is to be understood that the present 
description illustrates aspects of the invention relevant to a 
clear understanding of the invention. Certain aspects of the 
invention that would be apparent to those of ordinary skill in 
the art and that, therefore, would not facilitate a better 
understanding of the invention, have not been presented in 
order to simplify the present description. Although the 
present invention has been described in connection with 
certain embodiments, those embodiments should not be 
considered as limiting the true scope of the present inven- 
tion. Those of ordinary skill in the art will, upon considering 
the foregoing description, recognize that modifications and 
variations of the invention may be employed. The foregoing 
description and the following claims are intended to cover 
all such variations and modifications of the invention. 

We claim: 

1. A method of operating a solid fuel fired boiler, com- 
prising: 

introducing a solid fuel into the boiler; 

introducing an iron-bearing material into the boiler; 

introducing at least one carbon compound along with the 
iron-bearing material, the at least one carbon com- 
pound promoting reduction of iron oxides; and 

at least partially combusting the solid fuel to produce an 
ash slag, wherein at least one ash fusion temperature 
characteristic selected from the group consisting of 
initial deformation temperature, softening temperature, 
hemispherical temperature, and fluid temperature less 
' than the same ash fusion temperature characteristic of 
a second ash slag produced from combustion of the 
solid fuel alone. 

2. The method of claim 1, wherein the solid fuel com- 
prises coal. 

3. The method of claim 1, wherein the iron-bearing 
material is added to the solid fuel before introducing the 
solid fuel and the iron-bearing material into the boiler. 

4. The method of claim 1, wherein the coal has a sulfur 
content less than 2% weight. 

5. A method of operating a solid fuel fired boiler, com- 
prising: 
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introducing a solid fuel into a slag tap boiler, 
introducing an iron-bearing material into the slag tap 
boiler, wherein the iron bearing material is at least one 
of iron ore beneficiation tailings, iron ore fines, pellet- 
ized blends of coal and iron-bearing material, pelletized 
solid fuel containing iron-bearing compounds, iron- 
bearing boiler ash, mill scale from steel production, 
dust from blast furnace gas cleaning equipment, and 
flue dust from sinter plants; and 
at least partially combusting the solid fuel to produce an 
ash slag, wherein at least a portion of the iron bearing 
material fluxes the ash slag to produce a composite ash 
slag having at least one ash fusion temperature char- 
acteristic selected from the group consisting of initial 
deformation temperature, softening temperature, hemi- 
spherical temperature, and fluid temperature less than 
the same ash fusion temperature characteristic of the 
ash slag produced from combustion of the solid fuel 
alone. 

6. The method of claim 5, wherein the solid fuel com- 
prises coal. 

7. The method of claim 5, wherein the composite ash slag 
has at least one ash fusion temperature characteristic 
selected from the group consisting of initial deformation 
temperature, softening temperature, hemispherical 
temperature, and fluid temperature less than 2600° F. 

8. The method of claim 5, wherein the slag tap boiler is 
for at least one of steam production and electricity genera- 
tion. 

9. The method of claim 5, wherein the slag tap boiler is 
a cyclone boiler. 

10. The method of claim 5, wherein the composite ash 
slag has a viscosity such that the composite ash slag flows 
from the slag tap boiler. 

11. The method of claim 5, further comprising pulverizing 
the solid fuel prior to introducing the solid fuel into the slag 
tap boiler. 

12. The method of claim 5, wherein the iron-bearing 
material is at least one material selected from the group 
consisting of iron ore beneficiation tailings, iron ore fines, 
pelletized iron ore, pelletized solid fuels containing at least 
one iron-bearing compound, iron-bearing boiler ash, mill 
scale from steel production, flue dust from blast furnace gas 
cleaning equipment, and flue dust from sinter plants. 

13. The method of claim 5, wherein the iron-bearing 
material comprises at least one of ferric oxide, ferrous oxide, 
and neutral iron. 

14. The method of claim 5, wherein the iron-bearing 
material comprises at least one of hematite, taconile, and 
magnetite. 

15. The method of claim 5, wherein the iron-bearing 
material comprises at least one carbon compound. 

16. The method of claim 5, further comprising introduc- 
ing at least one carbon compound along with the iron- 
bearing material, the at least one carbon compound promot- 
ing reduction of iron oxides. 

17. The method of claim 5, wherein the slag tap boiler 
comprises: 

a pulverizer, wherein the solid fuel is fed to the pulverizer; 
a burner; 

a fuel transfer system communicating with the pulverizer 

and the burner; and 
a combustion chamber comprising an enclosure at least' 

partially surrounding the burner. 

18. The method of claim 9, wherein the cyclone boiler 
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a fuel storage bunker; 
a cyclone burner; 

a fuel transfer system communicating with the fuel stor- 
age bunker and the cyclone burner; and 

a combustion chamber comprising an enclosure at least 
partially surrounding the burners. 

19. The method of claim 5, wherein the concentration of 
iron-bearing material to solid fuel is from 1 to 25 weight 
percent of the total of the iron-bearing material and the solid 
fuel introduced into the slag tap boiler. 

20. The method of claim 5, wherein the composite ash 
slag has a total iron concentration of 15 to 30 weight percent. 

21. The method of claim 5, wherein the iron-bearing 
material is added to the solid fuel before introducing the 15 
solid fuel and the iron-bearing material into the slag tap 
boiler. 

22. The method of claim 5, further comprising: 
adjusting the particle size distribution of the iron-bearing 

material. 20 

23. A method of operating a solid fuel fired boiler, 
comprising: 

introducing a solid fuel into a cyclone boiler, wherein the 
cyclone boiler comprise: 

a fuel storage bunker, 25 
a cyclone burner, 
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a fuel transfer system communicating with the fuel 

storage bunker and the cyclone burner, and 
a combustion chamber comprising an enclosure at least 
partially surrounding the burner, 

introducing an iron-bearing material into at least one of 
the fuel storage bunker, the fuel transfer system, the 
cyclone burner, and the combustion chamber, and 

at least partially combusting the solid fuel to produce an 
ash slag, wherein at least one ash fusion temperature 
characteristic selected from the group consisting of 
initial deformation temperature, softening temperature, 
hemispherical temperature, and fluid temperature is 
less than the same ash fusion temperature characteris- 
tics of a second ash slag produced from combustion of 
the solid fuel alone. 

24. The method of claim 23, wherein the iron-bearing 
material is introduced into the combustion chamber through 
a lance inserted through an opening in the combustion 
chamber enclosure. 

25. The method of claim 23, wherein the solid fuel is a 
coal having a sulfur content less than 2% by weight. 

26. The method of claim 6, wherein the coal comprises a 
sulfur content less than 2.0% by weight. 



EXHIBIT 4 



Stolchiometry 



25 



and K 2 0. As discussed in the Refractories section of Chapter 5, the balance between the 
acidic and basic oxides in the ash is important in setting ash melting temperatures and in 
influencing corrosive attack of refractory (fluxing). 

The ash fusion temperature under oxidizing and reducing conditions is another 
important test that provides very practical information. In this test (ASTM Standard D- 
1857), a sample of the material is ashed. The mineral ash is then pressed into a cone shape 
and placed in a muffle furnace on a tilted ceramic plate. The jurnace temperature is ramped 
up at a set rate while the cone is observed. Four temperatures are noted: 

Initial deformation temperature (IDT), where the tip of the cone just shows 
deformation 

Softening temperature (ST), where the cone is slumped such that the height and 

width of the ash mass are equal 
Hemispherical temperature (HT), where the mass is fluid but, due to surface tension, 

has a hemispherical shape with the height equal to one-half of the width 
Fluid temperature (FT), where the molten ash viscosity is very low and the material 

flows down the plate with a thickness not greater than 1/1 6th in (0.15 cm). 

In reducing atmospheres, the ST is often identified with the "fusion temperature" of the 
slag * 

In combustors such as the fluid bed furnace that depend on maintaining "dry" (non- 
sticky) ash conditions, the IDT in the ash fusion temperature determination is a guide in 
setting the upper limit, to the operating temperature. Similarly, the IDT is a useful guide in 
setting the maximum temperature where fly-ash laden furnace gases should enter a boiler- 
tube bank to avoid slag buildup on the tubes. For oilier furnaces and operating 
requirements, the fusion temperature is also useful both in the design and feasibility 
stage and in problem-solving situations. 

The ash fusion test can be conducted under both oxidizing and reducing conditions. 
Both have utility in anticipating or understanding slag buildup problems. Although most 
combustors are oxidizing overall, almost any combustor has some oxygen-deficient zones. 
Such zones include the pyrolyzing/gasifying mass on refuse incinerator grates or sludge 
incinerator hearths and regions in other furnaces where the local air supply is overwhelmed 
by the available combustible matter. This can be very important since the fusion 
characteristics of ash can change dramatically as the environment shifts from oxidizing 
to reducing. This is particularly true for ashes containing large amounts of iron. The 
reduction of Fe 2 0 3 to FeO involves a change in behavior of the iron oxide from an "acidic 
oxide" to a "basic oxide" that often leads to a lower initial deformation temperature. 

A number of other useful physical properties may merit determination. These 
include melting point (to assess the potential for wastes to melt at incineration tempera- 
tures and run through openings in grates), viscosity (important in atomization of liquid 
wastes), and flash point (important in assessing safety problems and a key parameter in 
some regulatory definitions of "hazardous" combustible wastes). 

Finally, the design of materials handling systems can benefit from data such as angle 
of repose (for bins and belt conveyors), particle size and density (for pneumatic 
conveyors), and the like, 

6. Regulatory/Process Definitions 

Beyond the materials tests noted above, it may be appropriate to conduct several 
specialized tests or develop waste characterizations to make specific distinctions that 
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Table 6 




















Properties of U.S. Coals 


















Upper 


















Pittsburgh #8 


Illinois #6 




Op riflg v^Itiun. 


JJecKcr 












Anthracite 


HV 


HV 


MV 


Subbitu- 


Subbitu- 




Lignite 


Lignite 


Lignite 




Bituminous 


Bituminous 


Bituminous 


minous 


minous 


Lignite 


(S. HallsviUe) 


(Bryan) (San Miguel) 


State 




Ohio or Pa. 


Illinois 


Pennsylvania 


Wyoming 


Montana 


North Dekofe 


i Tfexas 


Tfexas 


Texas 


Proximate: 






















Moisture 


7.7 


5.2 


17.6 


2,2 


24.1 


23.4 


33.3 


37.7 


34.1 


14.2 


Volatile matter, dry 


6.4 


40.2 


44.2 


28,1 


43.1 


40.8 


43.6 


45.2 


31.5 


21.2 


Fixed carbon, dry 


83.1 


50.7 


45.0 


58.5 


51.2 


64.0 


45.8 


44,4 


18,1 


10.0 


Ash, dry 


10.5 


a i 
y.i 


10,8 


13.4 


5.7 


5.2 


11.1 


10.4 


50.4 


68.8 


Heating value, Bfcu/lb: 




















As-received 


11*890 


12,540 


10,300 




9,190 


9,540 


7,090 


7,080 


3,930 


2,740 


Dry 


12,880 


13,230 


12,500 


13,260 


12,110 


12,450 


10,630 


11,360 


5,960 


3,200 


MAF 


14,390 


14,550 


14,010 


15,320 


12,840 


13,130 


11,960 


12,680 


12,020 


10,260 


Ultimate; 






















Carbon 


83.7 


74.0 


69.0 


74.9 


70.3 


72.0 


63.3 


66.3 


33.8 


18.4 


Hydrogen 


1.? 


5.1 


4.9 


4.7 


6.0 * 


5.0 


4.5 


4.9 


3.3 


2.3 


Nitrogen 


0.9 


1.6 


1.6 


1.27 


0.96 


0.95 


1.0 


1.0 


0.4 


0.29 


Sulfur 


0.7 


2.3 


4,3 


0.76 


0.35 


0.44 


1.1 


1.2 


1.6. 


1.2 


Ash 


10.5 


9.1 


10.8 


13.4 


5.7 


6.2 


11.1 


10.4 


50.4 


68.8 


Oxygen 


2.8 


7.9 


10.0 


4.97 


17.69 


16.41 


19.0 


16.2 


11.1 


9.01 


Ash fusion temps, F 






















Reducing/Oxidizing: Red Oxld 


Red Oxid 


Red Oxid 


Red Oxid 


Red Oxid 


Red Oxid 


Red Oxid 


Red Oxid 


Ilea Oxid 


Red Oxid 


ID 




2220 2560 


1930 2140 


2750+ 2750+ 2100 2180 


2120 2420 


2030 .2160 


2000 2210 


2370 2470 


2730 2750+ 


STSp. 




2440 2640 


2040 2330 


» » 


2160 2300 


2250 2470 


2130 2190 


2060 2250 


2580 2670 


2750+ ■ 


STHsp. 




2470 2650 


2080 2400 


w m 


2170 2320 


2270 2490 


2170 2220 


2090 2280 


2690 2760 


*» * 


Fr 0.0625 in. 




2570 2670 


2420 2600 


m n 


2190 2360 


2310 2510 


2210 2280 


2220 2350 


2900+ 2900+ 


* a 


FT Flat 




2750+2750+2490 2700 


a « 


2370 2700 


2380 2750+ 2300 2300 


2330 2400 


2900+ 2900+ 


« M 


Ash analysis: 






















SiO* 


51.0 


50.58 


41.68 


59.60 


32.61 


23.77 


29.80 


23.32 


62.4 


66.85 


A1A 


34.0 


24.62 


20.0 


27.42 


13.38 


15,79 


10.0 


13.0 


21.5 


23.62 


FeA 


3,5 


17.16 


19.0 


4.67 


7.53 


6,41 


9.0 


OO A 


3,0 


1.18 


TiO, 


2.4 


1.10 


0.8 


1.34 


1.57 


1.08 


0.4 


0/8 


0.5 


1.46 


CaO 


0.6 


1.13 


8.0 


0.62 


15.12 


21.85 


19.0 


22.0 


3.0 


1.76 


MgO 


0.3 


0.62 


0.8 


0.75 


4.26 


3.11 


6.0 


5.0 


1.2 


0.42 


Na 2 0 


0.74 


0.39 


1.62 


0.42 


7.41 


6.20 


5.80 


1.05 


0.59 


1,67 


K 8 0 


2.65 


1.99 


1.63 


2.47 


0.87 


0.67 


0.49 


0.27 


0.92 


1.67 


PA 




0.39 




0.42 


0.44 


6.99 










SO a 


1.38 


1.11 


4.41 


0.99 


14.56 


38,85 


20.85 


9.08 


3.50 


1.32 


Note; HV « high volatile; M V = medium volatile; ID = initial deformation temp; ST = softening temp; FT = 


fluid tomp; Sp. = spherical; Hsp. p homisphericaL | 
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wined outside the U.S. The source of this information, 
B&W's Fuels Catalogue, contains more than 10,000 fuel 
analyses performed and compiled since the 1950s. 

Fuels derived from coal 

Because of abundant supplies and low prices, the de- 
mand for coal as the prime or substitute fuel for utility 
boilers will most likely continue to increase. In addition, 
the future use of coal-derived fuels, such as coal refined 
liquids and gases, coalslurries, and chars, as inexpensive 
substitutes for oil and natural gas is also possible. There- 
fore* methods to obtain clean and efficiently bmTiing fuels de- 
rived from cosd ai^a)ntinuaDybeingiilvestigated. Afewof these 
faels> which apply to steam generation, are discussed below. 

Coke 

When coal is heated in the absence of air or with a large 
deficiency of air, the lighter constituents are volatilized 
tod the heavier hydrocarbons crack, liberating gases and 

Steam 40 / Sources of Chemical Energy 




tars and leaving a residue of carbon. Some of the volatil- 
ized portions crack on contact with the hot carbon, leav- 
ing an additional quantity of carbon. The carbonaceous 
residue containing the ash and some of the original coal 
sulfur is called coke, The amount of sulfur and ash in the 
coke mainly depends on the coal from which it is produced 
and the coking process used. The principal uses for coke 
are the production of pig iron iii blast furnaces and the 
charging of iron foundry cupolas. Because it is smoke- 
less when burned, considerable quantitieis have been used 
for space heating. 

Undersized coke, called coke breeze, usually passing a 
0,625 in. (15.875 mm) screen, is unsuitable for charging 
blast furnaces and is often used for steam generation. A 
typical analysis of coke breeze appears in Table 8. Ap- 
proximately 4.5% of the coal supplied to slot type coke 
ovens is recovered as coke breeze. A portion of the coal 
tars produced as byproducts of the various coking pro- 
cesses may be burned in equipment similar to that used 
for heavy petroleum oil. 
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